Recently, power conversion efficiencies of organic photovoltaics based on small molecules have been dramatically improved by means of the bulk heterojunction (BHJ) structure. Moreover, to optimize photovoltaic performance, thermal annealing treatments have often been used because of the simplicity of the process. However, the elucidation of effects of thermal annealing treatment on BHJ film structure based on small molecules is still not enough. Here, we report the results of structural analysis with synchrotron radiation of α-sexithiophene:fullerene BHJ films before and after thermal annealing treatment. In particular, the open-circuit voltage was increased to as high as 0.72 V; moreover, the BHJ films based on α-sexithiophene and fullerene were also clearly crystallized by the thermal annealing treatment. In this study, we found that the optimal crystal size existed in BHJ films for high-performance organic photovoltaics.
Introduction
Organic photovoltaics (OPV) have received considerable attention because of their numerous potential advantages including flexibility, low cost and colorful photovoltaic devices. OPV's efficiency of converting sun-light to electrical energy was drastically improved by development of the bulk heterojunction (BHJ) structure in 1991, which is fabricated by co-deposition method [1] . Organic semiconductors are well known to have very short exciton diffusion length. The concept of the BHJ structure is based on extension of interface area between donor and acceptor in the active layer. Because of its ability to achieve an efficient exciton (electron-hole binding pair) dissociation rate, the BHJ structure is very useful for generating high photocurrent. To facilitate the realization of high-performance BHJ-type devices, thermal annealing treatments have been investigated extensively [2] - [6] . The treatment of solution-processed BHJ film based on polymer and fullerene derivatives leads to improvement of photovoltaic performance due to many advantages such as removal of organic solvent in their preparation [7] and, the phase separation effect between donor and acceptor [8] [9] . These effects arise from the high thermal reactivity of polymer used in the films, such as their low glass transition temperature and melting point [10] .
On the other hand, the BHJ-type OPV devices based on small molecules have been investigated with co-deposition method [11] - [15] . As a candidate of donor materials, oligothiophene has been investigated due to high carrier mobility, deep HOMO level and controllable energy level through easy chemical modification. These factors promise high open-circuit voltage (V oc ). In particular, α-sexithiophene (6T) molecules were also used as organic field-effect transistor because of their highly-ordered crystalline structure [16] [17] . High V oc in oligothiophene:fullerene = 1:5 co-deposited devices, about 0.6 V with fullerene C 70 , has been already reported [18] . These results are attributed to deep HOMO level (5.2 eV) and suppression of aggregated α-6T molecules. Furthermore, to enhance the power conversion efficiency, thermal annealing treatment of fullerene-rich BHJ-type devices based on α-6T and fullerene has been reported [19] . However, the effects of thermal annealing treatments on BHJ films based on small molecules remain unclear. Improvement of photovoltaic performance based on small molecules subjected to thermal annealing treatment requires elucidation of structural analysis of BHJ layer.
Here-in, to elucidate the thermal annealing effects on BHJ films including α-sexithiophene and fullerene molecules, we focused on morphology in oligothiophene:C 60 co-deposited films. In this study, we investigated the effects of thermal annealing effects on BHJ films based on oligothiphene and fullerene C 60 .
Experimental

Device Fabrication
The OPV devices were fabricated using a vacuum deposition system (EO-5, Eiko Engineering Co., Ltd.) at a pressure of 10 −4 Pa which was connected to N 2 -filled glove box. Sexithiophene (sublimed grade, purchased from Tokyo Chemical Industry Co., Ltd.) and C 60 (purity of 99%, purchased from MTR. Ltd.), were further purified by vacuum sublimation prior to deposition. The procedures of device fabrication are as follows. First, glass substrates coated indium-tin-oxide (ITO, purchased from Sanyo Vacuum Industry Co., Ltd.) were cleaned with oxygen plasma for 30 min. The thickness of ITO films was 150 nm, and their sheet resistance was less than 15 Ω/□. Next, poly(3,4-ethylenedioxylenethiophene):polystyrene sulfuric acid blend solution (PEDOT:PSS, Clevious TM PVP Al 4083) was coated with spin-coating method as an electron blocking layer in ambient air. The ITO substrates coated with PEDOT:PSS was subsequently dried for 10 min at 135˚C in order to remove moisture. This substrate was transferred to a vacuum chamber via N 2 -filled globe box. Here, a 6T:C 60 = 1:5 co-deposition layer with a thickness of 50 nm, a bathocuproine (BCP, purchased from Dojindo Co., Ltd.) with a thickness of 6 nm and an Aluminum electrode with a thickness of 100 nm were deposited sequentially. The volume ratio in the 6T:C 60 co-deposited films were controlled by deposition rate: 6T and C 60 were deposited at 0.01 nm/s and 0.05 nm/s, respectively. The deposition rate of 6T and C 60 was monitored by two separate quartz crystal microbalances. Thermal annealing of fabricated devices (post-annealing) were treated with hot plate under controlled temperature in N 2 -filled globe box. To observe the effects of changes in the annealing temperature, we increased the annealing temperature stepwise from 100˚C, 120˚C, and 130˚C, sequentially. The devices were heated devices for 10 min, and then allowed to cool for over 10 min at room temperature in each step, as shown in Figure 1. 
Measurement
J-V characteristics were measured using a source meter (KEITHLEY 2400 series, Keithley Instruments Inc.) and an air mass 1.5 G simulated solar light source at a power density of 100 mW/cm 2 ; the light source was calibrated using a Si-photodiode (Bunkokeiki Co., Ltd.). The surface morphology of oligothiophene:C 60 = 1:5 co-deposited films was analyzed using a field-emission scanning electron microscope (FE-SEM: S-4800, Hitachi Hi-tech Inc.) operated at an acceleration voltage of 5 kV. The crystallinity of the films was investigated by X-ray diffraction measurement system using synchrotron radiationbeam line of wavelength 0.10 nm at SPring-8 in Japan. Co-deposited samples with no aluminum electrode were deposited on SiO 2 substrate coated with PEDOT:PSS layer for the FE-SEM and XRD measurement. To improve surface wettability of SiO 2 substrate, UV-ozone treatment for 30 min before being spin-coated with PEDOT:PSS. Figure 2 and Table 1 show the dependence of the J-V plots on the thermal annealing temperature and the photovoltaic parameters estimated from these plots, respectively. The power conversion efficiency (PCE) improved from 1% for the as-deposited device to 1.4% at after the annealing treatment. The enhancement of the PCEs strongly depends on the improvement of short-circuit current density (J sc ) and open-circuit voltage (V oc ). Fill factor (FF) values were approximately same despite of thermal annealing treatments. Generally, FF of photovoltaic device is influenced by its internal resistance of photovoltaic device [20] . In contrast to the FF values, series resistance (R s ) and parallel (R p ) resistance are improved, which indicates that the thermal annealing process improved the carrier transportation and suppressed leak current. In this study, there are not relationship between constant of FF value and improvement of internal resistance, clearly. Hirade and Adachi have reported that exciton dissociation rate at interface between electrode and active layer strongly depends on FF [21] [22] . Therefore, enhancement of PCEs by thermal annealing is attributed to structural change of α-6T:C 60 co-deposited films rather than interface between electrode and co-deposited films. In next section, we focused on the morphological analysis of 6T:C 60 = 1:5 co-deposited films.
Results and Discussion
OPV Performance of the 6T:C 60 Devices
Morphology and Crystal Structure of the 6T:C 60 Films
In Section 3.1, the photovoltaic performance of the BHJ-type devices was demonstrated to be improved by the thermal annealing treatments. To clarify the effects of these treatments, we investigated the structure of as deposited α-6T:C 60 = 1:5 films and the film annealed at 130˚C. Figure 3 shows SEM images of α-6T:C 60 = 1:5 co-deposited films. With respect to the surface morphology, many aggregates, which are expressed by regions of white contrast, disappeared. In addition, size of aggregates when annealed at 130˚C was larger than those in as-deposited condition. This fibril-like structure (indicated by red circles in Figure 3(c) ) is aggregates of α-6T molecules [18] . Some grains were observed in the cross-sectional images of the α-6T:C 60 = 1:5 co-deposited films before they were subjected to thermal annealing treatment, as shown in Figure 3(c) . After the films were Table 1 . Performance parameters for ITO/PEDOT:PSS/6T:C 60 = 1:5 (50 nm)/BCP (6 nm)/Al (100 nm) devices.
As-Deposited annealed, grains observed in the images of the as-deposited films disappeared. In the SEM images, contrast was changed according to different crystal planes being observed. Then, we measured X-ray diffraction with synchrotron irradiation. Figure 4 shows in-plane diffraction patterns of α-6T:C 60 = 1:5 co-deposited films with 2θχ ϕ mode. To assign components and crystal planes in these patterns, we also show in-plane diffraction patterns of as-deposited C 60 single-component film. Out-of-plane diffraction was not observed for any BHJ films. Scattering vector Q was calculated by following Equation (1) .
where λ and θ are wavelength of incident X-ray beam and diffraction angle that satisfies Bragg's equation, respectively. The (022), (113), (224) and (333) planes of as-deposited film did not diffract, indicating that the single-component C 60 film had face-centered-cubic lattice structure [23] . This result means that crystallization of fullerene was prevented from presence of α-6T. In this study, compositional ratio of C 60 is higher than that of α-6T. We suggest that preferential crystal growth of donor or acceptor molecules during the co-deposition is dominated by the blend ratio. After being subjected to thermal annealing treatment, co-deposited film exhibited diffraction peaks similar to those of single-component C 60 film. Therefore, thermal annealing treatment leads to crystallization of BHJ films based on oligothiophene and fullerene C 60 . Moreover, a new peak appeared at Q = 1.59 Å −1 (a black triangle shown in Figure 4 ). This scattering vector value corresponds to d-spacing of 3.95 Å. This peak corresponds to π-stacking structure of oligothiophene when that was standing on substrate [24] . These results suggest that fibril-like aggregation structure shown in SEM image has crystalline phase. Thermal annealing treatment clearly leads to structural change of oligothiophene:C 60 co-deposited films and improvement of J sc and V oc . The melting points and transition temperature of α-6T and C 60 molecules has no temperature region within annealing temperature from 100˚C to 130˚C [25] . Morphological change of co-deposited films occurred irrespective of these thermal reactivity. Small molecules showed coherent trend with thermal treatment. Moreover, morphology and crystal structure was drastically changed by thermal annealing treatments. Indeed, device performance with 6T:C 60 = 1:5 co-deposited films were improved. Unchanged FF values despite of annealing treatment might be attributable to crystallization of BCP used as an exciton blocking layer. Therefore, these results indicate that there is the optimal blend morphology and crystal size in BHJ films exist that maximize carrier transport and exciton dissociation efficiency. As one of next challenges, to completely understand thermal annealing effects, investigation of interface between electrode and active layer, including influence of BCP layer, will be necessary. 
Conclusion
In this study, we investigated effects of thermal annealing on morphology of oligothiophene:fullerene blend films and on their photovoltaic performance. The thermal annealing treatment clearly leads to improvement of device performance with these blend films. On the basis of the structural analysis, these effects are attributed to crystallization of both oligothiophene and fullerene molecules. To control the BHJ structure, we demonstrated that thermal annealing method was also useful for BHJ films fabricated by vacuum process.
